Introduction {#s1}
============

Long-term exposure to particulate matter (PM) air pollution is associated with all-cause mortality and with several chronic diseases, including respiratory and cardiovascular disease ([@c2]; [@c15]; [@c19]; [@c49]). Rapidly accumulating evidence also suggests that air pollution may be associated with depression, a very common mental disorder with a substantial impact on the quality of life, morbidity, mortality, and health care expenditures ([@c21]; [@c38]; [@c44]).

The association between air pollution and depression, however, is inconsistent across studies ([@c24]; [@c26]; [@c29]; [@c33]; [@c39]; [@c42]; [@c43]; [@c50]). Prior studies often identified incident depression based on doctors' diagnosis or on the use of antidepressant medications and may have missed a high proportion of subjects who did not realize they had depressive symptoms or who did not seek medical treatment ([@c32]). Because a high proportion of subjects with depressive symptoms do not seek medical care ([@c5], [@c4]; [@c45]), this type of misclassification may bias the observed association between air pollution and depression. Although the CES-D scale is not a gold standard for diagnosing depression, it is a validated reliable screening instrument used extensively in population studies that can improve detection of depression cases, particularly of mild and moderate cases. Previous studies based on CES-D scores have found an inconsistent association between long-term air pollution exposure and depressive symptoms, but their sample size was small and they had limited power to identify an association ([@c33]; [@c43]; [@c50]). Additional reasons for inconsistent associations across studies include variations in air pollution levels and differences in study settings, demographic characteristics, and preexisting conditions of study populations.

To address the limitations of prior studies, we evaluated the prospective association between PM air pollution and depression assessed using the CES-D score as well as reported diagnoses and medications use in a large cohort of Korean men and women who attended repeated health screening exams between 2011 and 2015. We hypothesized that subjects with higher long-term exposure to particles $\leq 10\;\mu m$ (${PM}_{10}$) and $\leq 2.5\;\mu m$ in aerodynamic diameter (${PM}_{2.5}$) would be at higher risk of developing depression over follow-up (indicated by a CES-D score $\geq 16$) compared with subjects exposed to lower concentrations of ${PM}_{10}$ and ${PM}_{2.5}$.

Methods {#s2}
=======

Study Population {#s2.1}
----------------

The Kangbuk Samsung Health Study (KSHS) is an ongoing cohort study of South Korean men and women $18\;{years}$ of age or older who underwent a comprehensive annual or biennial health examination at the clinics of the Kangbuk Samsung Hospital Total Healthcare Center in Seoul and Suwon, South Korea ([@c23]). In South Korea, the Industrial Safety and Health Law requires that employees undergo annual or biennial health screening exams covered by employers. In our study, over 80% of the subjects were employees and/or their spouses of various companies or local government organizations. The remaining subjects voluntarily purchased screening exams at the health exam center. The study was approved by the institutional review board of the Kangbuk Samsung Hospital, and the requirement of informed consent was waived because we only used deidentified data routinely collected during health screening visits.

In this analysis, we used data from subjects who lived in the Greater Seoul and Suwon metropolitan areas and who underwent a comprehensive health examination from 1 January 2011 through 31 December 2015 ($N = 222,906$; [Figure 1](#f1){ref-type="fig"}). We excluded subjects with depression at baseline (self-reports of doctor's diagnosis and/or use of antidepressant medications or CES-D score $\geq 16$; $n = 22,712$; 8,244 men, 14,468 women), subjects without any follow-up visit ($n = 66,854$; 33,520 men, 33,334 women), and subjects with missing data for CES-D scores ($n = 10,295$; 4,587 men, 5,708 women). The final sample size was 123,045 (73,930 men, 49,115 women). The study was approved by the institutional review board of the Kangbuk Samsung Hospital, and the requirement of informed consent was waived because we only used deidentified data routinely collected during health screening visits.

![Flowchart of study subjects.](ehp-127-077001-g0001){#f1}

Assessment of PM Air Pollution {#s2.2}
------------------------------

We estimated monthly ${PM}_{10}$ and ${PM}_{2.5}$ concentrations for each individual subject using a land-use regression model based on subjects' address postal codes ([@c47]; [@c51]). Briefly, we used air pollution monitoring data from the Seoul Metropolitan Government Atmospheric Environment, the Gyeonggi-do Institute of Health and Environment, and the Korean National Climate Data Service System (NCDSS). ${PM}_{10}$ data were available from January 2002, whereas ${PM}_{2.5}$ data were available from January 2015. We estimated monthly mean PM concentrations for each subject using a mixed generalized additive regression model including smoothed county population density, altitude, distance to point-source emission (power plants), percentage of land cover within 300-, 500-, 1,000-, 3,000-, and $5,000\text{-}m$ buffers, and distance to the nearest road. For each subject, we then calculated the 12- and 60-month mean ${PM}_{10}$ concentration and 12-month mean ${PM}_{2.5}$ concentration prior to each visit. The models were evaluated by several cross-validation approaches, including the holdout method, K-fold cross-validation, and leave-one-out cross-validation ([@c47]). Holdout cross-validation results demonstrated that the models had a high predictive accuracy (cross-validation $R^{2}$ values of 0.80 and 0.77 for ${PM}_{10}$ and ${PM}_{2.5}$, respectively).

Health Screening Exams {#s2.3}
----------------------

At each screening exam, trained nurses used standardized questionnaires to collect information on sociodemographic factors, lifestyle characteristics, disease history, and medication use ([@c52]; [@c23]). Education level was categorized as no education, elementary school, middle school, high school, technical college, and university or more. Smoking status was categorized as never, former, current, and unknown. Frequency of alcohol consumption was categorized as none, moderate drinking (men: $> 0\text{ \ to} \leq 30\; g/d$, women: $> 0\text{ \ to} \leq 20\; g/d$), excessive drinking (men: $> 30\; g/d$, women $> 20\; g/d$), and unknown. We categorized physical activity levels using the validated Korean version of the International Physical Activity Questionnaire (IPAQ) Short Form ([@c13]). The IPAQ Short Form measures the frequency and duration of walking or any other moderate-to-vigorous physical activity undertaken for more than 10 continuous min across all contexts (i.e., work, home, and leisure) during a 7-day period. The physical activity levels were classified into three categories: none, $< 3/\text{week}$, $\geq 3/\text{week}$, and unknown. Height and weight were measured and body mass index (BMI) was calculated as weight in kilograms divided by height squared. BMI was categorized as underweight ($\text{BMI} < 18.5{\,{kg}/m}^{2}$), normal weight ($18.5 \leq \text{BMI} < 23{\,{kg}/m}^{2}$), overweight ($23 \leq \text{BMI} < 25{\,{kg}/m}^{2}$), obese ($\text{BMI} \geq 25{\,{kg}/m}^{2}$), and unknown, following specific cutoffs for Asian populations. Missing data in covariates were considered as a separate category in statistical analyses.

CES-D Scale {#s2.4}
-----------

At each screening examination, subjects completed a self-administered questionnaire that included the Korean version of the CES-D scale ([@c25]). The scale comprises 20 items that evaluate different moods or behaviors related to depression, with each item rated from 0 (rarely or none of the time) to 3 (most or almost all the time). CES-D scores range from 0 to 60, with higher scores indicating a higher frequency of depressive symptoms. A CES-D score $\geq 16$ is usually considered as a threshold to trigger a visit to a professional counselor ([@c34]).

Incident outcome events (defined either as CES-D $\geq 16$ or as a doctor's diagnosis or medication use) were identified at the follow-up visits. Follow-up thus extended from the visit in which an incident outcome event was first identified (in cases) or otherwise until the last follow-up visit available (in noncases). The follow-up period for ${PM}_{10}$ exposure was from 1 January 2011 to 31 December 2015; the follow-up period for ${PM}_{2.5}$ exposure was from 1 January 2015 to 31 December 2015.

In sensitivity analyses, we used only a doctor's diagnosis and/or use of antidepressant medications to identify incident cases of depression. In this analysis, conducted in the same population as the primary analyses, subjects with CES-D score $\geq 16$ but without a report of a doctor's diagnosis or antidepressant medications use were not identified as cases. As a second sensitivity analysis, we conducted analyses for ${PM}_{10}$ exposure with data restricted to the same time frame as ${PM}_{2.5}$ analyses. We also conducted analyses for ${PM}_{10}$ exposure using the same group of subjects to ${PM}_{2.5}$ but with follow-up starting in 2011.

Statistical Analysis {#s2.5}
--------------------

We used flexible parametric proportional hazards models to estimate the hazard ratios (HRs) and 95% confidence intervals (CIs) for the development of depression associated with a $10{\text{-}\mu g/m}^{3}$ increase in ${PM}_{10}$ and ${PM}_{2.5}$. The exposure was the mean 12- or 60-month concentration of ${PM}_{10}$ or the mean 12-month concentration of ${PM}_{2.5}$ prior to the baseline visit for each subject (${PM}_{2.5}$. Analyses were restricted to exposures within the prior 12 months because ${PM}_{2.5}$ data were only available since 2015). Because the development of depression occurred at an unknown time point between two exam visits, we used flexible parametric proportional hazards models using natural cubic splines in log-time to account for this type of interval censoring ([@c36]).

We adjusted for *a priori* factors that could potentially confound the association between air pollution and developing depression. We used a base model adjusted for age, sex, and study center (Seoul or Suwon) and a fully adjusted model further adjusted for smoking status, alcohol consumption, physical activity, and body mass index. We investigated potential effect modification by age group ($< 60, \geq 60\; y$ of age), sex, education (university and less than university, including no education, elementary school, middle school, high school, and technical college), BMI (underweight, normal, overweight, obese, and unknown), alcohol intake (none, moderate drinking, excessive drinking, and unknown), and physical activity (none, $< 3/\text{week}$, $\geq 3/\text{week}$, and unknown). For each potential effect modifier, we evaluated effect modification by likelihood ratio tests comparing models that included an interaction (product) term between air pollution exposure and the effect modifier versus models without the interaction term. Stratum-specific HRs were obtained from the same interaction model by using the appropriate coefficients and variance-covariance matrix.

To quantify the effect of unmeasured potential confounding factors, we report the E-value as a representation of the minimum strength of association that an unmeasured confounder would need to have with the exposure and outcome to nullify an observed exposure--outcome association. Increasing E-values indicate that a higher degree of unmeasured confounding would be needed to reduce the observed association to the null ([@c41]).

To evaluate nonlinear dose--response relationships between ${PM}_{10}$ and ${PM}_{2.5}$ exposure and incident depression, we modeled ${PM}_{10}$ and ${PM}_{2.5}$ air pollution exposure variables using restricted cubic splines with knots at the fifth, 35th, 65th, and 95th percentiles of the distribution of PM air pollution concentrations. Statistical analyses were conducted using STATA (version 15.0; Stata Corporation) and R (version 3.4.1; R Development Core Team).

Results {#s3}
=======

The mean age of the cohort at baseline was 39.4 y \[standard deviation (SD) 6.8\], and 60.1% of the subjects were men ([Table 1](#t1){ref-type="table"}). The mean (SD) concentrations of ${PM}_{10}$ during the 12- and 60-month periods prior to the baseline visit were 50.6 (4.5) and $55.2\,\left( 4.0 \right){\,\mu g/m}^{3}$, respectively, and the mean 12-month concentration of ${PM}_{2.5}$ was $24.3\,\left( 1.3 \right){\,\mu g/m}^{3}$. The prevalence of overweight/obesity was 51.3%, and 22.0% of study subjects were current smokers. At the baseline visit, the mean (SD) CES-D score was 5.1 (4.2), and 9.7% of study subjects developed CES-D scores $\geq 16$ during follow-up. Seven percent of the study sample had missing data for CES-D scores. Compared with subjects missing CES-D data, those included in the study were, on mean, younger, more likely to be male, and less likely to have missing data for smoking, alcohol, physical activity, and educational level. There was no material difference in PM air pollution levels (see Table S1).

###### 

Baseline characteristics of Kangbuk Samsung Health Study (KSHS) cohort subjects, overall and according to the incidence of depression (CES-D score $\geq 16$) during follow-up.

Table 1 lists baseline characteristics and overall values in the first and second columns, respectively; the corresponding CESD score for CESD less than 16, CESD greater than or equal to 16, and p values are listed in the other columns.

  Characteristic                                     Overall         CESD Score      *p*-Value[^*a*^](#TF2){ref-type="table-fn"}   
  -------------------------------------------------- --------------- --------------- --------------------------------------------- -----------
  *n*                                                123,045         111,141         11,904                                        
  Age (y)                                            39.4 (6.8)      39.3 (6.8)      39.5 (6.5)                                    0.11
  Male sex                                           73,930 (60.1)   67,594 (60.8)   6,336 (53.2)                                  $< 0.001$
  12-month ${PM}_{2.5}$ mean (${\mu g/m}^{3}$)       24.3 (1.3)      24.2 (1.3)      24.2 (1.2)                                    $< 0.001$
  12-month ${PM}_{10}$ mean (${\mu g/m}^{3}$)        50.6 (4.5)      50.6 (4.4)      51.4 (4.5)                                    $< 0.001$
  60-month ${PM}_{10}$ mean (${\mu g/m}^{3}$)        55.2 (4.0)      55.2 (4.0)      55.8 (4.0)                                    $< 0.001$
  BMI (${{kg}/m}^{2}$)                                                                                                             $< 0.001$
   $< 18.5$                                          6,203 (5.0)     5,504 (5.0)     699 (5.9)                                     
   $18.5 \leq \text{BMI} < 23$                       53,368 (43.4)   48,066 (43.2)   5,302 (44.5)                                  
   $23 \leq \text{BMI} < 25$                         28,317 (23.0)   25,737 (23.2)   2,580 (21.7)                                  
   $\geq 25$                                         34,870 (28.3)   31,587 (28.4)   3,283 (27.6)                                  
   Unknown                                           287 (0.2)       247 (0.2)       40 (0.3)                                      
  Smoking status                                                                                                                   $< 0.001$
   Never smoker                                      54,723 (44.5)   49,424 (44.5)   5,299 (44.5)                                  
   Former smoker                                     27,151 (22.1)   24,995 (22.5)   2,156 (18.1)                                  
   Current smoker                                    27,095 (22.0)   24,315 (21.9)   2,780 (23.4)                                  
   Unknown                                           14,076 (11.4)   12,407 (11.2)   1,669 (14.0)                                  
  Education                                                                                                                        $< 0.001$
   No education                                      28 (0.0)        23 (0.0)        5 (0.0)                                       
   Elementary school                                 216 (0.2)       199 (0.2)       17 (0.1)                                      
   Middle school                                     527 (0.4)       452 (0.4)       75 (0.6)                                      
   High school                                       14,972 (12.2)   13,280 (11.9)   1,692 (14.2)                                  
   Technical college                                 14,609 (11.9)   13,058 (11.7)   1,551 (13.0)                                  
   University                                        88,181 (71.7)   80,131 (72.1)   8,050 (67.6)                                  
   Unknown                                           4,512 (3.7)     3,998 (3.6)     514 (4.3)                                     
  Alcohol intake[^*b*^](#TF3){ref-type="table-fn"}                                                                                 $< 0.001$
   None                                              16,552 (13.5)   15,050 (13.5)   1,502 (12.6)                                  
   Moderate                                          81,672 (66.4)   73,922 (66.5)   7,750 (65.1)                                  
   High                                              17,159 (13.9)   15,402 (13.9)   1,757 (14.8)                                  
   Unknown                                           7,662 (6.2)     6,767 (6.1)     895 (7.5)                                     
  Daily physical activity                                                                                                          0.002
   None                                              72,092 (58.6)   64,961 (58.4)   7,131 (59.9)                                  
   $< 3/\text{week}$                                 40,048 (32.5)   36,359 (32.7)   3,689 (31.0)                                  
   $\geq 3/\text{week}$                              7,554 (6.1)     6,804 (6.1)     750 (6.3)                                     
   Unknown                                           3,351 (2.7)     3,017 (2.7)     334 (2.8)                                     

Note: Numbers in the table are mean (SD) or *n* (%). ANOVA, analysis of variance; CES-D, Center for Epidemiological Studies Depression scale.

*p*-Value for differences of means of proportions comparing CES-D score $\geq 16$ and CES-D score $< 16$ group, calculated using one-way ANOVA for continuous variables and chi-square test for categorical variables. The data were complete for continuous variables.

Frequency of alcohol consumption was categorized as none, moderate drinking (men: $> 0\text{ \ to} \leq 30\; g/d$, women: $> 0\text{ \ to} \leq 20\; g/d$), excessive drinking (men: $> 30\; g/d$, women $> 20\; g/d$), and unknown.

PM Air Pollution and the Risk of Developing Depression {#s3.1}
------------------------------------------------------

Among 123,045 subjects with baseline CES-D score $< 16$ and at least one follow-up visit, 11,904 subjects developed new-onset depression over follow-up (mean follow-up 2.5 y; 310,075 person-years of follow-up). In fully adjusted models, the HRs (95% CIs) for the development of depression associated with a $10{\text{-}\mu g/m}^{3}$ increase in 12- and 60-month ${PM}_{10}$ exposure were $\text{HR} =$ 1.11 (95% CI: 1.06, 1.16) and 1.06 (95% CI: 1.01, 1.11), respectively ([Table 2](#t2){ref-type="table"}). The HRs comparing the top to the bottom quintile of 12- and 60-month ${PM}_{10}$ exposure were $\text{HR} =$ 1.14 (95% CI: 1.07, 1.22) and 1.08 (95% CI: 1.01, 1.15), respectively. The E-value for the observed association estimates of exposure to 12-month ${PM}_{10}$ exposure and incident depression was 1.46 (1.37 for the lower confidence interval). In spline regression analyses, the risk of developing depression increased with increasing 60-month mean ${PM}_{10}$ exposure throughout most of the distribution of ${PM}_{10}$ concentrations ([Figure 2](#f2){ref-type="fig"}).

![Hazard ratio (95% confidence interval) for incident depression by level of exposure to 60-month ${PM}_{10}$ concentrations. Incident depression was defined as the development of a CES-D score $\geq 16$ over follow-up. The dose--response curve was calculated using restricted cubic splines with knots at the 5th, 35th, 65th, and 95th percentiles of the distribution of 60-month ${PM}_{10}$ concentrations. The solid line represents the hazard ratios, and the dotted lines represent the confidence interval limits. The reference exposure level was set at the 10th percentile of the distribution of 60-month ${PM}_{10}$ concentrations ($48.44{\,\mu g/m}^{3}$). Hazard ratios were adjusted for age, sex, study center, year of visit, educational level, smoking status, body mass index, alcohol consumption, and physical activity. The histogram illustrates the distribution of 60-month ${PM}_{10}$ concentrations. ${PM}_{10}$, particulate matter with an aerodynamic diameter of $\leq 10\;\mu m$.](ehp-127-077001-g0002){#f2}

###### 

Hazard ratios (95% confidence intervals) for developing depression for a $10{\text{-}\mu g/m}^{3}$ increase in particulate matter air pollution in the Kangbuk Samsung Health Study (KSHS).

Table 2 lists developing depression assessment method in the first column, exposure, number of cases per person years, and adjustment model numbers in the second, third, and fourth columns, respectively, for developing depression. The corresponding hazard ratio and 95 percent confidence interval values for 12-month period and 60-month period are listed in the other columns.

  Developing depression assessment method                            Exposure       Cases/person-years[^*a*^](#TF5){ref-type="table-fn"}   Adjustment                                  12-month per $10{\text{-}\mu g/m}^{3}$ increase   60-month per $10{\text{-}\mu g/m}^{3}$ increase          
  ------------------------------------------------------------------ -------------- ------------------------------------------------------ ------------------------------------------- ------------------------------------------------- ------------------------------------------------- ------ ------------
  Developing depression ($\text{CES\ -}D \geq 16$)                   ${PM}_{10}$    11,904/310,075                                         Model 1[^*b*^](#TF6){ref-type="table-fn"}   1.13                                              1.08, 1.18                                        1.08   1.03, 1.14
  Model 2[^*c*^](#TF7){ref-type="table-fn"}                          1.11           1.06, 1.16                                             1.06                                        1.01, 1.11                                                                                                 
  ${PM}_{2.5}$                                                       2,647/56,719   Model 1                                                1.01                                        0.83, 1.22                                        ---                                               ---    
  Model 2                                                            1.01           0.83, 1.22                                             ---                                         ---                                                                                                        
  Developing depression (doctor's diagnosis or use of medications)   ${PM}_{10}$    1,126/312,334                                          Model 1                                     1.21                                              1.02, 1.45                                        1.2    1.00, 1.44
  Model 2                                                            1.21           1.01, 1.45                                             1.2                                         1.00, 1.43                                                                                                 
  ${PM}_{2.5}$                                                       402/56,646     Model 1                                                0.93                                        0.63, 1.38                                        ---                                               ---    
  Model 2                                                            0.96           0.64, 1.43                                             ---                                         ---                                                                                                        

Note: Estimates represent HRs (95% CIs) for $\text{CES\ -}D \geq 16$ as a dichotomous outcome. ---, data not available; CES-D, Center for Epidemiological Studies Depression scale; CI, confidence interval; HR, hazard ratio; ${PM}_{10}$, particulate matter with an aerodynamic diameter of $\leq 10\;\mu m$; ${PM}_{2.5}$, particulate matter with an aerodynamic diameter of $\leq 2.5\;\mu m$.

Person-years were the total numbers for all subjects and account for missing covariate data. The person-years and number of cases were different between ${PM}_{10}$ and ${PM}_{2.5}$ models because the follow-up for ${PM}_{10}$ model started on 1 January 2011 and the follow-up for ${PM}_{2.5}$ model started on 1 January 2015.

Model 1 was adjusted for age, sex, study center, and year of visit.

Model 2 was adjusted as for Model 1 and additionally adjusted for educational level, smoking status, body mass index, alcohol consumption, and physical activity.

When we defined incident depression based on self-reports of doctor's diagnosis or use of antidepressant medications, 1,126 subjects developed new-onset depression over follow-up (mean follow-up 2.7 y; 312,334 person-years of follow-up), the HRs were similar to those in the main analysis ([Table 2](#t2){ref-type="table"}). In subgroup analyses, the association between exposure to ${PM}_{10}$ and the developing depression was stronger in men compared with women and in former and current smokers compared with nonsmokers ([Figure 3](#f3){ref-type="fig"}).

![Hazard ratios (95% confidence intervals) for incident depression ($\text{CES\ -}D \geq 16$) associated with a $10{\text{-}\mu g/m}^{3}$ increase in 60-month ${PM}_{10}$ concentrations, by baseline subject characteristics. Hazard ratios were adjusted for age, sex, study center, year of visit, educational level, smoking status, body mass index, alcohol consumption, and physical activity. Education was categorized as university ($n = 88,181$) and less than university ($n = 30,352$, including no education, elementary school, middle school, high school, and technical college). *p*-Values were derived from likelihood ratio tests comparing models that included an interaction (product) term between air pollution exposure and the effect modifier vs. models without the interaction term. Results for missing categories are not shown because some of these categories were very small.](ehp-127-077001-g0003){#f3}

${PM}_{2.5}$ data were only available beginning in 2015. The analyses for ${PM}_{2.5}$ were thus based on 55,142 subjects with a CES-D score of $< 16$ after 1 January 2015 and at least one follow-up visit. Among them, 2,647 subjects developed new onset of depression over follow-up (mean follow-up 1.0 y; 56,719 person-years of follow-up; [Table 2](#t2){ref-type="table"}). In fully adjusted models, the HR for the development of depression associated with a $10{\text{-}\mu g/m}^{3}$ increase in 12-month ${PM}_{2.5}$ concentrations was $\text{HR} =$ 1.01 (95% CI: 0.83, 1.22). The hazard ratio comparing the top quintile to the bottom quintile of 12-month mean ${PM}_{2.5}$ concentrations was $\text{HR} =$ 1.04 (95% CI: 0.91, 1.20). In spline regression analysis, there appeared to be a bell-shaped association between 12-month mean ${PM}_{2.5}$ and risk of depression, although the *p*-value for nonlinear terms was not statistically significant (see Figure S1).

As a sensitivity analysis, when we evaluated the association between ${PM}_{10}$ exposure and development of depression restricted to the same time frame as the ${PM}_{2.5}$ analyses (see Table S2), the association was virtually null. However, when restricting the analysis to same group of subjects as the ${PM}_{2.5}$ analyses but with follow-up starting in 2011, the association of ${PM}_{10}$ with the incidence of depression persisted.

Discussion {#s4}
==========

In this large, prospective study of middle-aged Korean men and women, long-term exposure to ${PM}_{10}$ was associated with an increased risk of developing depression over follow-up. The results were consistent when we defined the development of depression using CES-D data and when we defined the cases used self-reports of doctor's diagnoses or use of antidepressant medications. These findings support an association between air pollution and an increased risk of depression.

Prior studies of the association between air pollution and depression have been inconsistent, with differences based partly on the method used to identify new cases of depression. In a general population study in Korea, ${PM}_{2.5}$ exposure was associated with an increased risk of depressive disorder defined as a doctor's diagnosis or use of antidepressant medications in subjects with underlying chronic diseases ([@c24]). In the Nurses' Health Study, however, the association between air pollution and onset of depression was only evident when depression was identified as antidepressant medication use and not when incident cases were identified as a doctor's diagnosis or as the combination of a doctor's diagnosis and medication use ([@c26]). Two cross-sectional studies that defined depression by self-reported history also identified an association between long-term exposure to air pollution and depression ([@c29]; [@c42]). In contrast, the Maintenance of Balance, Independent Living, Intellect and Zest in the Elderly of Boston (MOBILIZE) Boston cohort ($n = 732$), which identified incident cases of depression using CES-D scores, and the FINRISK study ($n = 1,367$), which identified prevalent cases of depression using CES-D scores, found no association with air pollution ([@c43]; [@c50]). Finally, a cohort study ($n = 4,008$) of elderly subjects identified a positive association between ${PM}_{2.5}$ exposure and development of moderate-to-severe depressive symptoms based on CES-D, but the use of the short version of the CES-D scale (11-items) form, the high prevalence of comorbidities, and the advanced age of the study subjects limited the generalizability of these findings ([@c33]). Our study is the only large cohort study that has simultaneous information on CES-D scores, self-reports of doctor's diagnosis of depression, and use of antidepressant medications. Our analysis indicated that air pollution is associated with incident depression irrespective of the method used to assess the outcome, adding robustness to these findings.

Several mechanisms may underlie the association between air pollution and depression. PM could affect the central nervous system through multiple mechanisms, including disruption of the blood--brain barrier, endothelial dysfunction, DNA damage, and the formation of free radicals and oxidative stress ([@c6]; [@c8]; [@c10]; [@c16]; [@c17]; [@c28]; [@c46]). A growing body of toxicological studies suggests that chronic exposure to PM and ozone are related to cognitive and mental disorders in experimental animals, including depression-like behavior ([@c22]; [@c30]; [@c31]). One study in mice, for instance, reported that prolonged exposure to PM air pollution may result in neuroinflammation, altered morphological characteristics in hippocampal neurons, changes in affective behaviors, and cognitive impairment ([@c16]). In humans, it has been suggested that PM could enter the systemic circulation, reach the brain, and result in oxidative stress and inflammation in the central nervous system ([@c9]; [@c40]), and there is evidence that neurochemical changes related to inflammatory factors may play an important role in the development of depression ([@c3]; [@c35]). Additional research, however, is needed to better establish the precise mechanisms that underlie the association between air pollution and depression.

We did not observe an association between ${PM}_{2.5}$ exposure and development of depression in this study, but this could be due to the short follow-up for ${PM}_{2.5}$ analysis, to the smaller sample size, to chance, or to the presence of unmeasured effect modifiers that changed over time. Additional studies with longer follow-up periods are required to evaluate this association.

In the stratified analyses, we estimated stronger associations of air pollution in men compared with women. These differences may be the result of biological differences related to hormonal status or body size, to differences in co-exposures such as work-related exposures or smoking, or to differences in outdoor exposure patterns ([@c1]; [@c14]). We also found a stronger association between ${PM}_{10}$ exposure and incident depression in subjects who reported current smoking compared with those who reported former smoking and no smoking, suggesting a synergistic association between air pollution and smoking.

The strengths of this study included a prospective design, a large sample size, and the availability of information on a wide range of potential confounders. Most of the subjects appeared to be healthy workers with few comorbid conditions and a low prevalence of medication use. In addition, we had two measurements of incident depression available, including self-reports of diagnosis of depression and/or use of antidepressant medications and CES-D scores. The consistency of the findings across two measures adds strength to our findings of an adverse effect of PM air pollution on depressive disorders.

Our findings should be interpreted with consideration of some limitations. Although the land-use regression model is a well-validated method for assessing the chronic adverse effects of air pollution in epidemiological studies, PM concentrations were assigned in this study based on the postal code centroid for the residential address for each subject at the beginning of follow-up. Although the cross-validated $R^{2}$ of the models were high, our prediction models for air pollution could still result in measurement error. In addition, we were not able to adjust for neighborhood-level socioeconomic status in our analyses, which may be a confounder of the association between ambient air pollution and health outcomes ([@c20]). As a result, our results could be biased by residual confounding. As an additional limitation, we did not have data on mobility, workplace exposure, level of urbanicity, traffic noise, or change in residential address over follow-up. These factors could potentially contribute to confounding or to measurement error that could bias the estimated association between air pollution exposure and the developing depression ([@c18]; [@c27]; [@c48]).

In South Korea, the main sources of ${PM}_{10}$ pollution are motor vehicles, soil dust, and combustion/industry, whereas the main sources of ${PM}_{2.5}$ are motor vehicles and soil dust ([@c37]). Because most of the subjects resided and worked in the urban area of Seoul and Suwon, local motor traffic is likely the primary source of air pollution for the subjects in this study. Given the relatively high air pollution concentration in Asia, investigation of the relation between air pollution and developing depression in cohort studies from other geographical areas is needed. In addition, this study group primarily comprised relatively healthy and highly educated young and middle-aged Korean workers who attended health screening exams, and, thus, our results may not be generalizable to other populations or to other settings.

Conclusions {#s5}
===========

In this large cohort study, we found a positive association between long-term exposure to outdoor PM air pollution and developing depression. Our results were consistent across two methods to define incident cases of depression, suggesting that long-term air pollution exposure may be linked not only to cases of depression that seek medical care but also to depressive episodes outside of the health care system. Our findings add further evidence to recent data suggesting that air pollution is responsible for a variety of cognitive and neuropsychiatric conditions and may be a major determinant of mental health in the general population.
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